Compelling evidence suggests that inflammation, cell survival, and cancer are linked, with a central role played by NF-κB. Recent studies implicate some TLRs in tumor development based on their ability to facilitate tumor growth; however, to our knowledge, involvement of neither TLR7 nor TLR78 has yet been demonstrated. Here we have demonstrated expression of TLR7 and TLR8, the natural receptors for single-stranded RNA, by tumor cells in human lung cancer in situ and in human lung tumor cell lines. Stimulation with TLR7 or TLR8 agonists led to activated NF-κB, upregulated expression of the antiapoptotic protein Bcl-2, increased tumor cell survival, and chemoresistance. Transcriptional analysis performed on human primary lung tumor cells and TLR7-or TLR8-stimulated human lung tumor cell lines revealed a gene expression signature suggestive of chronic stimulation of tumor cells by TLR ligands in situ. Together, these data emphasize that TLR signaling can directly favor tumor development and further suggest that researchers developing anticancer immunotherapy using TLR7 or TLR8 agonists as adjuvants should take into account the expression of these TLRs in lung tumor cells.
Introduction
The concept that inflammatory responses and chronic inflammation contribute to carcinogenesis, tumor progression, and neovascularization is supported by epidemiological studies and experimental findings (1) (2) (3) (4) . Chronic inflammation can result from viral or bacterial infections or from long-term exposure to noninfectious agents such as asbestos and tobacco (3, (5) (6) (7) (8) . However, the mechanisms by which it contributes to tumor growth are not fully understood, although a major role for TNF-α has been proposed (9) .
TLRs allow for recognition of pathogen- and damaged-associated molecular patterns (PAMPs and DAMPs; refs. 10, 11) and trigger inflammatory responses through activation of NF-κB, a master switch for inflammation (12) . NF-κB plays a critical role in the development of tumors in the context of chronic inflammation (13, 14) . Mice deficient for inhibitor of NF-κB kinase β (Iκκβ) in intestinal epithelial cells exhibit a striking 80% decline in colitis-associated cancer after chronic exposure to azoxymethane or dextran sulfate sodium (15) . Moreover, mice deficient for Iκκα show reduced prostate tumor development (16) . In addition, NF-κB induces genes whose products prevent apoptosis, such as Bcl-2 family members, and thus exerts prosurvival activity (17, 18) . These observations provide conclusive evidence for a prominent role of NF-κB signaling pathway in inflammation-promoted cancer and tumor cell survival.
Indeed, TLR signaling pathways could promote cancer initiation and progression (19, 20) . Sequence variants of TLR1, TLR4, TLR6, and TLR10 are associated with increased risk of prostate and gastric cancer (21, 22) . Moreover, the signaling through the adaptor protein MyD88 has a critical role in spontaneous tumor development in mice with heterozygous mutation in the adenomatous polyposis coli gene (23) . In addition, deficiency in the single Ig IL-1 receptor-related molecule, a negative regulator of TLR signaling, results in increased intestinal inflammation and colitis-associated tumorigenesis after challenge with dextran sulfate sodium (24) . These results emphasize the role of TLR signaling pathways in the promotion of cancer.
Although TLR expression was first observed in immune cells, several reports have described the expression of TLRs in nonmalignant and malignant epithelial cells. TLR1-TLR6 are expressed by colon, lung, prostate, and melanoma mouse tumor cell lines (25) , TLR3 is expressed by human breast cancer cells (26) , TLR2 and TLR4 are expressed by hepatocarcinoma and gastric carcinoma cells (27) , and TLR9 (28) and TLR4 (29) are expressed by human lung cancer cells. Listeria monocytogenes and Helicobacter pylori promote tumor growth of gastric carcinoma through TLR2 and TLR4 signaling, respectively (27) . In addition to a direct effect on tumor growth, TLR4 stimulation can also lead to tumor evasion from immune surveillance in colon and lung cancer through the production of immunosuppressive cytokines and resistance to apoptosis induced by TNF-α or TNF-related apoptosis-inducing ligand (TRAIL; refs. 25, 29) . Interestingly, stimulation of TLR3 by poly I:C in breast cancer and melanoma cells directly triggers apoptosis of tumor cells (26, 30) . Together, these data provide evidence that TLR stimulation in tumor cells can lead to either survival or cell death.
The human lung is in contact with inhaled airborne pathogens, and, via expression of a large panel of TLRs, the airway epithelial cells represent the first barrier against invading microbes (31, 32) . Several studies strongly suggest that chronic inflammation (i.e., chronic bronchitis, chronic obstructive diseases, emphysema, asbestos, or tobacco smoke) increases the risk of carcinogenesis (5, 6, 33, 34) . Lungs are frequently exposed to RNA viruses, such as respiratory syncytial and influenza viruses, that are recognized by TLR7 and TLR8 (35, 36) , which suggests these TLRs are present on lung epithelial cells.
In the present study, we demonstrated a link of TLR7 and TLR8 signaling with inflammation, tumor growth, and chemoresistance. We demonstrated the expression of TLR7 and TLR8 in lung cancer cells and that TLR7 ligation with loxoribine or TLR8 ligation with poly U resulted in activation of NF-κB and upregulation of Bcl-2 expression. This was associated with increased tumor cell survival and resistance to apoptosis induced by chemotherapy in vitro. Our transcriptomic data obtained with fresh tumor cells showed that human lung cancer cells had a gene expression profile similar to that of TLR7- or TLR8-stimulated cell lines, indicative of chronic tumor stimulation. These data emphasize that TLR signaling can directly interfere with the tumor cell either by increasing cell survival or by inducing resistance to cell death, which suggests that the use of TLR ligands as adjuvants could be a double-edged sword in anticancer immunotherapy.
Results

TLR7 and TLR8 are expressed in human lung tumors. Detection of
TLR7 and TLR8 expression by malignant and nonmalignant lung tissues was performed by immunohistochemistry in cells of 13 patients with adenocarcinoma (ADC) or squamous cell carcinoma (SCC). TLR7 was expressed by tumor cells in approximately 70% of the patients tested (Table 1) ; Figure 1 , A and C, shows examples of positive tumor cell TLR7 expression in SCC and ADC, respectively. In contrast, TLR8 was expressed by tumor cells in all lung cancer patients tested, independent of histological type (Table 1 and Figure 1 , B and D). Comparison of the precise cellular localization of TLR7 and TLR8 revealed major differences, with TLR7 expression being mainly perinuclear ( Figure 1E ) and TLR8 being more diffuse and cytoplasmic ( Figure 1F ). Interestingly, no TLR7 or TLR8 expression was detected in epithelial alveolar cells from the same patients ( Figure 1 , G and H), whereas strong expression of TLR7 and TLR8 was detected in bronchial epithelial cells (Figure 1 , I and J), an observation that we believe to be novel. Similar results were observed in lung emphysema, in which TLR7 and TLR8 were expressed in bronchial epithelial cells, but not in alveolar epithelial cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI36551DS1). Immune cells, including NK, plasmacytoid, and myeloid DCs and B and T lymphocytes, express TLR7 and/or TLR8 (37) . Immune cell infiltration has been described in lung tumors. In some patients, the immune cells are organized into lymphoid-like structures called tumor-induced bronchus-associated lymphoid tissues (Ti-BALTs; ref. 38) . Accordingly, we observed that most of the immune cells present in the Ti-BALT strongly expressed TLR7 ( Figure 1K ), whereas fewer of these cells expressed TLR8 ( Figure 1L ).
Moreover, we also observed the presence of TLR7-positive immune cells outside of the Ti-BALT (data not shown). Interestingly, in emphysema sections, some immune cells were present that expressed TLR7 and, weakly, TLR8 (data not shown). These observations demonstrated distinct profiles of TLR7 and TLR8 expression: TLR7 was expressed by immune and bronchial cells and, in 70% of the patients, in tumoral cells, whereas TLR8 was mainly expressed by bronchial and tumor cells.
TLRs are expressed by human lung cell lines. We characterized the expression of TLRs in several human lung tumor cell lines, including ADC lines A549 and H1355 and SCC line SK-MES, and in human bronchial epithelial cell lines 16HBE and BEAS-2B. All tumor cell lines expressed TLR1-TLR10 (Figure 2A) , and the expression of TLR7 and TLR8 was confirmed at the protein level by flow cytometry analysis (Figure 2 , B and C) and immunohistochemistry (data not shown) in all cell lines, except in 16HBE cells, which did not express TLR7 ( Figure 2C ).
TLR7 or TLR8 stimulation of human lung cancer cell lines induces atypical NF-κB activation. In order to determine whether TLR7 and TLR8 stimulation activates intracellular signaling pathways, we studied NF-κB activation in response to stimulation of A549 cells with IL-1β, the homodimeric TLR7 ligand loxoribine, and the homodimeric TLR8 ligand poly U. As expected, IL-1β stimulation induced canonical activation of NF-κB. We detected 2 waves of inhibitor of NF-κB α (IκBα) phosphorylation: the first occurred at 10 minutes and was associated with IκBα degradation, and the second occurred at 60 minutes and was independent of IκBα degradation ( Figure 3, A and B) . Interestingly, TLR7 or TLR8 stimulation also led to activation of the NF-κB pathway, and IκBα was phosphorylated 30 minutes after loxoribine or poly U addition. However, no significant degradation of IκBα was detected ( Figure 3 , C-F). A similar phenomenon was observed in response to the TLR3 ligand poly I:C and the TLR4 ligand LPS. TLR3 or TLR4 stimulation of A549 cells led to IκBα phosphorylation with the same kinetics as those of TLR7 or TLR8 stimulation, and IκBα was not degraded (Supplemental Figure 2) . These results indicate that TLR7 and TLR8, which are expressed by human lung cancer cell lines, induce atypical NF-κB activation and that the signaling pathways might be different from those activated by IL-1β, as recently described by Qin et al. (39) . A further set of experiments was performed to investigate whether NF-κB was translocated to the nucleus. First, p50 and p65 NF-κB subunits were quantified by ELISA on nuclear extracts of A549 cells. A marked amount of p50 and p65 was present in the nuclear extracts after stimulation with IL-1β or loxoribine. However, the amounts of p50 and p65 NF-κB were about 2-fold lower after loxoribine stimulation than after IL-1β stimulation ( Figure 4A ). Immunofluorescence experiments confirmed the nuclear translocation of p65 NF-κB subunit 120 minutes after stimulation by IL-1β or loxoribine ( Figure 4B ). Finally, we performed a NF-κB gene reporter assay and found that both IL-1β and loxoribine induced the expression of the gene reporter ( Figure 4C ), demonstrating NF-κB activity in the nucleus. However, the gene reporter activity in response to loxoribine was 2-fold lower than that in response to IL-1β. Taken together, these data demonstrate that TLR7 ligand induces NF-κB activation even in absence of IκBα degradation, but with a lower efficiency than IL-1β.
TLR7 or TLR8 stimulation induces survival of lung cancer cell lines. It has been previously described that ligation of TLR2, TLR4, TLR5, or TLR9 can induce proliferation of tumor cells, including ovarian, breast, prostate, and gastric tumors (25, 27-29, 40, 41) . We therefore examined whether TLR7 or TLR8 stimulation of lung tumor cells increases the proliferation of A549 cells. Stimulation with loxoribine, poly U, or the heterodimeric TLR7/TLR8 ligand Gardiquimod for 10 days induced a 20% reduction of Alamar blue compared with unstimulated cells, suggesting an increase in cell proliferation and/or viability ( Figure 5A ). This effect could be attributed to either protection against cell death or modification of the cell cycle. Treatment with loxoribine, poly U, or Gardiquimod induced a 1.5- to 2-fold decrease in the percentage of dead cells compared with unstimulated cells. Incubation with cycloheximide or etoposide, used as positive controls, led to a significant 2.5-fold increase in the percentage of dead cells ( Figure 5B ). No significant differences between the proportion of cells in the G 0 /G 1 and G 2 /M phases of the cell cycle were detected between unstimulated and stimulated cells, whereas etoposide or cycloheximide treatment resulted in a significant reduction in the percentage of cells in G 0 /G 1 and G 2 /M ( Figure 5C ). An increased expression of Bcl-2 was observed in parallel, by RT-PCR, in A459 cells stimulated by loxoribine, poly U, or Gardiquimod ( Figure 5D ). A significant increase in Bcl-2 protein levels was also detected after addition of loxoribine or Gardiquimod ( Figure 5 , E and F). Similar results were obtained in SK-MES cells (data not shown). These results suggest that TLR7 or TLR8 stimulation induce a prosurvival rather than a proliferative effect.
TLR7 or TLR8 stimulation induces chemoresistance in lung cancer cell lines. Polychemotherapy including platinium salt associated with a drug of second generation is often used as treatment for lung cancer (42) . Given our observation that TLR7 or TLR8 stimulation increased tumor cell viability, we hypothesized that it interferes with the induction of apoptosis caused by chemotherapy. Therefore, we analyzed the induction of cell death by chemotherapeutic agents currently used for the treatment of non-small-cell lung cancer (NSCLC) in A549 or SK-MES cells previously stimulated with loxoribine or poly U. We first determined the LD 50 concentration for each drug (i.e., 2 nM for doxorubine, 50 μM for Navelbine, 15 μM for cycloheximide, 100 and 50 μM for cisplatine for A549 and SK-MES cells, respectively, and 100 μM for carboplatine; Supplemental Figure 3 ) using Alamar Blue reduction assay. Treatment with cycloheximide, cisplatine, carboplatine, doxorubicine, or Navelbine at the LD 50 concentration induced A549 and SK-MES cell death. When the cells were stimulated with loxoribine or poly U prior to treatment with chemotherapeutic agents, cell death was reduced by about 2-fold. Similar results were observed using trypan blue assay (data not shown), which suggests that tumoral cells are less sensitive to chemotherapyinduced cell death after TLR7 or TLR8 stimulation. To confirm the chemoresistance of TLR-stimulated cell lines, colony assay experiments were performed. Stimulation of A549 and SK-MES cells with loxoribine prior to treatment with monoor polychemotherapy increased the surviving fraction ( Figure 6 ), confirming that TLR7 stimulation induces chemoresistance in lung cancer cell lines. Similar results were obtained with poly U stimulation of A549 and SKMES cells (data not shown). To determine the magnitude of increased chemoresistance, various doses of cisplatine and carboplatine were used, ranging 1-1,000 and 1-10,000 mM, respectively. We observed a dose-response effect in both A549 and SK-MES cells conferred by loxoribine against cell death, requiring carboplatine and cisplatine doses 10-100 times larger in order to reach the LD 50 ( Figure 7 ). As a consequence, these results suggest that stimulation of TLR7 induces chemoresistance through decreased sensibility toward chemotherapeutic agents. Taken together, these data indicate that stimulation of tumor cell lines with either TLR7 or TLR8 ligands could induce chemoresistance and protect tumor cells against apoptosis.
Finally, to determine whether chemoresistance was mediated by the unique signaling downstream of TLR7 or TLR8, similar experiments were performed in TLR3- or TLR4-stimulated A549 and SK-MES cells. LPS stimulation induced chemoresistance to cycloheximide and doxorubicine - and, to a lower extent, to cisplatine and carboplatine -in A549 cells. In contrast, no significant modification of chemosensitivity was observed in SK-MES cells cultured with LPS (Supplemental Figure 4 , A and C). Moreover, poly I:C did not induce chemoresistance in A549 or SK-MES cells. On the contrary, it induced a strong and significant reduction of surviving fraction in control A549 cells (Supplemental Figure 4 , B and D). These results suggest that chemoresistance induction after TLR stimulation is not specific to TLR7 or TLR8, but can also be induced by TLR4 stimulation, in A549 cells.
Loxoribine-induced chemoresistance is dependent on the TLR7-MyD88 pathway. In order to determine whether loxoribine-induced chemoresistance is dependent on the TLR7-MyD88 signaling pathway, siRNA knockdown of TLR7 and MyD88 was performed. TLR7 siRNA induced 25- and 5-fold decreases in TLR7 expression at 3 and 5 days after transfection, respectively ( Figure 8A ). Similarly, MyD88 siRNA induced 70- and 10-fold decreases in MyD88 expression 3 and 5 days after transfection, respectively ( Figure 8B ). Expression of TLR7 was not modified by MyD88 or scrambled siRNAs ( Figure 8A ), and expression of MyD88 was not modified by TLR7 or scrambled siRNAs ( Figure 8B ), demonstrating the specificity of TLR7 or MyD88 knockdown.
We then performed chemoresistance experiments in A549 cells after TLR7 or MyD88 knockdown using annexin V assay. Consistent with previous results, treatment with loxoribine and cisplatine increased the cell viability by 50% both in untransfected and in control siRNAtransfected cells compared with cells treated with cisplatine only. Interestingly, the same treatment increased cell viability by only 10% in cells transfected with MyD88 or TLR7 siRNAs ( Figure 8C ). These data show that loxoribine-induced chemoresistance was reduced 5-fold after siRNA knockdown of TLR7 or MyD88. To determine if these effects were specific to TLR7 signaling, similar experiments were performed after LPS stimulation. LPS-induced chemoresistance was drastically reduced after MyD88 siRNA transfection, but was not altered by TLR7 or scrambled siRNAs transfections. Taken together, these results demonstrate that loxoribine-induced chemoresistance is dependent on the TLR7-MyD88 signaling pathway.
TLR7 or TLR8 stimulation modulates gene transcription. In immune cells, TLR stimulation leads to upregulation of proinflammatory cytokines. However, there is little information available regarding the molecules that are modulated when tumoral cells are stimulated with TLR ligands. Therefore, we analyzed the modulation of gene expression in A549 and SK-MES cells in response to TLR7 or TLR8 stimulation in comparison to TLR3 or TLR4 stimulation by screening a large panel of immune and angiogenic genes. We confirmed the reproducibility of the experiment by analyzing gene modulation in A549 and SK-MES cells unstimulated or stimulated with loxoribine in triplicate (Supplemental Figure 5) . Thereafter, cells were stimulated with loxoribine, poly U, Gardiquimod, poly I:C, or LPS, and the expression of 182 RNAs by TaqMan Low-Density array was analyzed. The ΔΔCT values were obtained by comparison of unstimulated cells with cells stimulated by loxoribine, poly U, Gardiquimod, poly I:C, or LPS. We analyzed the global profile of genes that are modulated by clustering (see Methods). Figure 9 shows the cluster of 73 genes most differentially modulated in TLR3-, TLR4-, TLR7-, and TLR8-stimulated cells in comparison to unstimulated cells. We observed some differences in the modulation of gene expression between the 2 cell lines in response to TLR stimulation. Whatever TLR was being stimulated in A549 cells, some genes, including vasohibin-1 (VASH1), angiopoietinlike 3 (ANGPTL3), CCR4, and Bcl-2 were upregulated, whereas 7 genes, including thrombospondin motif 1 (ADAMTS1), CD86, or ACE, were downregulated. Interestingly, some genes, such as ANG-PTL1, IL-15, IL-8, IL-7, CXCL10, and ICAM-1, were upregulated in response to TLR3, but downregulated in response to TLR4, TLR7, and TLR8; others, such as angiopoietin 1 (ANGPT1) and serpin peptidase inhibitor clade F1 (SERPINF1), were downregulated in response to TLR3, but upregulated in response to TLR4, TLR7, and TLR8. In addition, CD80, IL-12A, and IFN-β were upregulated in response to TLR4 stimulation only, whereas 4 genes - FOXC2, ECGF1, ITGB3, and MMP2 - were upregulated in response to TLR3 and TLR4, but not TLR7 or TLR8. In SCC SK-MES cells, we also observed that some genes were upregulated (GNLY, ITGB3, IL-12A, CCR4, and CSF2) and others downregulated (e.g., CD80 and CCL3) in response to TLR3, TLR4, TLR7, and TLR8 stimulation, whereas some genes, including IL-15, IL-7, and CXCL10, were upregulated only in response to TLR3 triggering, and SERPINC1 was upregulated only in response to TLR4 stimulation ( Figure 9 ).
These results show that TLR7 and TLR8 stimulation of lung tumor cells modulates the transcription of a number of genes implicated in several functions, including cell survival, angiogenesis, and immune escape. However, despite the fact that the stimulation of these different TLRs leads to a common atypical activation of NF-κB, the gene expression profile is partially different between cells stimulated by TLR7 or TLR8 and those stimulated by TLR3 or TLR4.
Human primary tumor cells and TLR7-or TLR8-stimulated cell lines have the same gene expression profile. In order to determine whether primary human lung tumor cells that can express high levels of TLR7 or TLR8 display gene expression profiles similar those of TLR7- or TLR8-stimulated cell lines, we analyzed the same 182 RNAs using the TaqMan Low-Density Array in tumor cells obtained from fresh surgical tissues. The ΔΔCT values were obtained by comparison of unstimulated A549 cells with primary ADC tumor cells or unstimulated SK-MES cells with primary SCC tumor cells. This analysis was performed in simplicate for each patient, but included 3 different patients of each histological type of lung tumor. A very strong correlation of gene expression among the ADC patients (r = 0.78) and among the SCC patients (r = 0.7) was observed (Supplemental Figure 6) . Interestingly, the profile of ADC was similar to the profile of stimulated A549, and the profile of SCC was similar to that of stimulated SK-MES. We compared the expression levels of the 11 genes that were most differentially expressed by the tumor cell lines. Bcl-2, VASH1, and CCR4 were always upregulated in stimulated cell lines and primary human cells, whereas SERPINC1 was always downregulated (Figure 10) . Moreover, some genes that were differentially expressed between A549 and SK-MES cells were also differentially expressed in primary tumor cells in a similar way. This effect was independent of histological type, since the results were compared with unstimulated cell lines for each histological origin as a reference. Consequentially, this clustering of the 11 most differentially expressed genes suggests that primary lung tumor cells might have been stimulated in vivo within the tumor by agonist ligands for TLR7 or TLR8. 
Discussion
In this study, we demonstrated for the first time to our knowledge that TLR7 and TLR8 were highly expressed by primary human lung tumor cells in NSCLC. Several studies have described the role of TLR signaling pathways in the promotion of epithelial cancers, but we believe TLR7 and TLR8 have not previously been implicated. We showed that TLR7 or TLR8 stimulation of lung tumor cells led to increased cell viability and resistance to apoptosis induced by chemotherapy.
We observed that tumor cells, both in ADC and in SCC, strongly expressed TLR7 and TLR8 and that nonmalignant bronchial cells expressed high levels of TLR7 and moderate levels of TLR8, which indicates that they are able to recognize pathogenic viruses potentially present in the airway. This observation strongly suggests that TLR7 expressed by bronchial cells plays a role in the first line of defense in the respiratory tract. In contrast, normal alveolar epithelial cells did not express TLR7 and TLR8. In lung tumor sections, normal epithelial cells in the adjacent or distant nontumoral area did not express TLR7 or TLR8. On the contrary, bronchial epithelial cells expressed TLR7 and TLR8. In lung cancer, tumor cells arise from malignant transformation of either alveolar or bronchial epithelial cells. Thus, we suspect that tumor cells arising from alveolar epithelial cells can acquire TLR expression during or upon tumorigenesis, whereas tumor cells arising from bronchial epithelial cells continue to express TLR7 and TLR8. A possible explanation for TLR induction in epithelial cells is that these TLRs are acquired during chronic infections. Such induction has been described for TLR7 in the lung tumoral A549 cell line and in the lungs of mice infected with Haemophilus influenzae (43) . In agreement with these observations, we detected upregulation of TLR7 expression in A549 cells after stimulation with TLR7 or TLR8 ligands (data not shown). In addition, chronic inflammation or chronic infection induces lesions in the lung epithelium and engages a homeostatic repair program necessary for the maintenance of epithelium integrity (44) . It is well accepted that the malignant transformation of epithelial cells can be caused by a defect in the epithelial cell repair program. Thus, the resulting malignant epithelial cells may express TLR7 or TLR8.
Interestingly, we observed that TLR7 had an unexpected intracellular distribution: its localization was mainly perinuclear, whereas TLR8 was cytoplasmic. A similar observation was made for TLR9 and TLR3 (45, 46) . Accumulation of TLR3 has been observed in cytoplasmic and perinuclear inclusions in human neurons (46) , and TLR9 was observed in a perinuclear reticular compartment that colocalized with endoplasmic reticulum markers (45) .
TLR7 or TLR8 stimulation led to the release of inflammatory mediators, mainly through activation of the NF-κB pathway. We observed that TLR7 stimulation induced IκBα phosphorylation, nuclear translocation of the p50 and p65 NF-κB subunits, and specific activation of gene transcription, demonstrating NF-κB activation in response to loxoribine. However, this activation was about 2 times weaker than that induced by IL-1β. Surprisingly, we observed that IκBα was not degraded. This absence of IκBα degradation is unusual, as IκBα is classically degraded after being phosphorylated. Our observation is consistent with the report by Qin et al. (39) describing a similar atypical activation of NF-κB in a model of HEK293 tumor cells that overexpress TLR8. Similar to our observation using a gene reporter assay, the authors demonstrate that this atypical phosphorylation of IκBα without its degradation leads to the activation of NF-κB. Moreover, they show that IκBα is phosphorylated by MEKK3. This is different from IkBα activation in immune cells, which depends on TGF-activated kinase 1 (TAK1).
Figure 4
TLR7 and TLR8 lead to NF-κB activation. A549 cells were untreated or treated with IL-1β (10 ng/ml) or loxoribine (10 μg/ml) for the indicated periods of time. (A) Nuclear fractions were analyzed by ELISA, and the relative quantity of p50 and p65 NF-κB subunits in nucleus is expressed in arbitrary units normalized to unstimulated nuclear extracts. (B and C) The intracellular localization of the p65 NF-κB subunit was determined by immunofluorescence staining (B), and NF-κB activation was determined by NF-κB gene reporter assay after transfection with the pNIFTY2 plasmid (C). Data in C represent mean ± SD from 3 independent experiments. *P < 0.05, **P < 0.01.
Furthermore, MEKK3 is implicated in resistance to apoptosis through activation of NF-κB by increasing the expression of Bcl-2 (47). As a consequence, IκBα phosphorylation is probably caused by recruitment of the MEKK3 kinase instead of the TAK1 kinase.
We observed strong regulation of several genes, including Bcl-2, which increased at least 20- to 100-fold in lung tumor cell lines stimulated with agonists of TLR7 or TLR8. Interestingly, we also observed in these conditions a strong chemoresistance in both A549 and SK-MES cells, which suggests that the upregulation of Bcl-2 could contribute to cell survival. However, our observations also suggest that others mechanisms are implicated in chemoresistance. Indeed, TLR8 stimulation did not upregulate Bcl-2 protein, whereas it induced cell survival and chemoresistance, and TLR3 stimulation induced upregulation of Bcl-2 mRNA in A549 cells, which was not associated with chemoresistance. We also observed, in response to TLR7 or TLR8 stimulation, the upregulation of CCR4, VASH1 (a negative feedback regulator of angiogenesis; ref. 48) , and Cyp7A1 (a member of the cytochrome P450 family implicated in drug metabolism and detoxifying system; refs. 49, 50) and the downregulation of prolactin, CD80, FN1, and serpin-C1 in the 2 cell lines. Upregulation of CCR4 and downregulation of FN1 could increase the migratory and metastatic capacities of lung tumor cells. CCR4 has previously been demonstrated to be essential for metastasis of lung tumor cells in the bone marrow (51) , and fibronectin is frequently downregulated in cancer, which is thought to be a factor underlying metastatic behavior (52) . In some experimental conditions, we also observed upregulation of the proinflammatory cytokines IL-6, IL-8, CSF-2, IL-1α, and
Figure 5
TLR7 and TLR8 induce survival of lung tumor cells. (A) A549 cells were unstimulated or stimulated with loxoribine (10 μg/ml), poly U (10 μg/ml), or Gardiquimod (10 μg/ml) and incubated with Alamar blue for 10 days. Reduction of Alamar blue was then determined by spectrophotometry at 570 and 600 nm. The percentage of reduced Alamar blue was calculated as described by the manufacturer. (B) A549 cells were unstimulated or stimulated with loxoribine, poly U, Gardiquimod, etoposide, or cycloheximide for 24 hours. The percentage of dead cells was determined by Trypan blue exclusion. (C) DNA content was measured by IP staining after RNAse A treatment. Percentages indicate the proportion of subdiploid (G0/G1) and diploid cells (G2/M). Data in A-C represent mean ± SD from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus medium, Student's t test. (D) A549 cells were cultured for 6 hours in the presence of loxoribine, poly U, or Gardiquimod, and the expression of Bcl-2 was assayed using TaqMan Low-Density Array technology. The fold increase (arbitrary units) was obtained by 2 -ΔΔCT . (E and F) A549 cells were cultured for 36 hours in the presence of loxoribine, poly U, or Gardiquimod. (E) Cell lysates were analyzed by immunoblot with anti-Bcl-2 and anti-actin antibodies. (F) Quantification of the bands was realized using Image J software. Histograms represent the intensity of the respective band, expressed as relative intensity normalized to actin. Results are representative of 3 independent experiments. IL-12 or molecules like NOS-2 or SerpinF1, which are expressed under the control of NF-κB. Interestingly, IL-6, IL-8, CSF-2 (GM-CSF), and NOS-2 have been implicated in survival or proliferation of tumor cells (53) (54) (55) (56) (57) (58) . Upregulation of KDR (VEGFR2) and downregulation of SerpinC1 were observed after TLR7 or TLR8 stimulation. Interestingly, upregulation of VEGFR2 in patients has been associated with a decrease of disease free survival (59) , and a decrease of SerpinC1 has been associated with poor prognosis in lung cancer patients (60) . Together, these observations led us to conclude that TLR7 or TLR8 stimulation could increase tumor viability and metastasis.
The analysis of gene expression in response to other TLR ligands, such as TLR3 and TLR4 ligands, revealed a profile that was partially different between cells stimulated by TLR7 or TLR8 and those stimulated by TLR3 or TLR4. Indeed, despite the fact that the stimulation of these different TLRs leads to a common atypical activation of NFκB, the gene expression profile was different. These observations suggest that other signaling pathways could be implicated in the modulation of immune and angiogenesis gene expression, such as MAPK or IRF pathways that are also activated in response to TLR stimulation.
In several cell types, including fibroblasts and epithelial cells, TLR stimulation leads to cell cycle entry and proliferation (61, 62) . We observed that lung cancer cells displayed prolonged survival and reduced cell death when stimulated with TLR7 or TLR8 agonists. These effects were not caused by modification of the cell cycle, demonstrating tumor cell survival rather than proliferation, and were consistent with the observations of Lindemans et al. (63) , who demonstrated that TLR7 or TLR8 stimulation by respiratory syncitial virus inhibits apoptosis of neutrophils via a NF-κB-dependent mechanism. Thus, we conclude that the expression of TLR7 or TLR8 by human lung cancer cells represents an advantage to tumor growth when TLRs are stimulated.
Therefore, characterization of those TLR7 and TLR8 ligands present in the tumor microenvironment in vivo is a crucial point. Because single-stranded RNAs are natural agonists for these receptors, either viruses (PAMPs) or endogenous nucleic acids released by altered tissues in the tumor (DAMPs) could stimulate the tumor cells. Comparison of the gene expression of highly purified primary human lung cancer cells and in vitro-stimulated cell lines as well as clustering analysis revealed a similar gene profile, which suggests that tumor cells are stimulated by TLR7 or TLR8 ligands in vivo. The common profile between stimulated cell lines and human lung cancer cells revealed a common gene expression signature for TLR-stimulated lung cancer cells.
In lung cancer, chemotherapy is frequently associated with surgery (42) . We observed that TLR7 or TLR8 stimulation increased tumor cell survival by modulating a set of genes implicated in cell survival and conferred resistance to apoptosis induced by TLR7 and TLR8 induce chemoresistance of lung tumor cells. A549 (A, C, and E) or SK-MES cells (B, D, and F) were cultured in 6-well plates with or without loxoribine (added at days 0, 3, 6, and 9). Cells were then treated or not with cycloheximide, cisplatine, carboplatine, doxorubicine, or Navelbine at day 12 (A-D), or treated or not with cisplatine or carboplatine in association with Navelbine or doxorubicine (E and F). (A and B) The colony number (shown below) was determined after Crystal Violet coloration. (C-F) Cell viability was analyzed at day 15 by the surviving fraction, calculated as [no. colonies after chemotherapy treatment/(no. cells seeded at day 0 × PE)] × 100, where PE is plating efficiency (calculated as no. colonies/no. cells seeded at day 0). Data represent mean ± SD from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 versus unstimulated, Student's t test. chemotherapeutic agents that are currently used to treat patients. Furthermore, siRNA experiments demonstrated that TLR7-induced chemoresistance depended on TLR7 and MyD88 expression. The chemoresistance induced by TLR stimulation could be explained by the increase of cell viability through IL-6, IL-8, CSF-2, or Bcl-2, but also by activation of detoxifying system through Cyp7A1, which may induce the degradation of xenobiotics (49, 50) . Interestingly, LPS stimulation induced chemoresistance, but in a lineage- and drug-dependent manner. This is consistent with Bcl-2 and Cyp7A1 induction in LPS-stimulated A549 cells, but not in SK-MES cells. Interestingly, chemoresistance was observed in neither A549 nor SK-MES cells in response to poly I:C stimulation, since it induces cell death, as has been described in breast and melanoma tumor cells (26, 30) . The differences among different TLRs in stimulation effects on chemoresistance could be explained by the fact that TLRs use different molecular adaptors. The TLR3 signaling pathway is TRIF dependent, and the TLR4 pathway is TRIF and MyD88 dependent, whereas TLR7 and TLR8 signaling pathways are MyD88 dependent. This hypothesis was confirmed by our siRNA experiments. The LPS-induced chemoresistance was abolished by siRNA MyD88, which suggests that the chemoresistance may involve mainly the MyD88 signaling pathway, whereas apoptosis induction may involve the TRIF signaling pathway. Another possibility is that poly I:C binds receptors other than TLR3, such as RIG-I/MDA-5, and could consequentially induce different signaling pathways leading to different biological effects.
Chemoresistance was also observed for ovarian cancer after TLR4 stimulation, which induced paclitaxel chemoresistance (41) . These studies clearly demonstrate that TLR stimulation decreases sensitivity to chemotherapy. Thus, TLR7 or TLR8 expression by lung tumor cells in patients should be taken in account in order to adapt the chemotherapeutic protocols. Another treatment currently being investigated is the use of TLR7 or TLR8 agonists as adjuvants for priming antitumoral immune responses. For example, the TLR7 ligand imiquimod is used for the treatment of skin cancer and metastatic melanoma. Efficacy in the treatment of skin cancer is relative, mainly because of increased immune functions, particularly enhancement of NK cell antitumor activity, DC maturation, and T cell immunity to tumor antigens (64) (65) (66) . In contrast, treatment with TLR7 agonists does not influence the clinical outcome in metastatic melanoma (67) . In lung tumors, we observed significant infiltration of immune cells, including NK cells (S. Platonova, unpublished observation), CD3 + T lymphocytes, and antigen-presenting cells (38) . Thus, TLR7 or TLR8 agonists in vivo could act on cells of the immune system, tumor cells, or both, with opposing effects. As a consequence, it would be interesting to determine the expression profile of TLR7 or TLR8 on tumor cells to evaluate the potential of such agonists in the treatment of lung cancer. Specifically, TLR7-negative tumor-bearing patients could benefit from TLR7 agonist treatment, which could stimulate antitumoral immune responses and result in a favorable clinical outcome. Together, these data emphasize the particular role of TLR7 and TLR8 in cancer and underscore the importance of determining their expression and functionality in cancer with the goal of improving therapeutic protocols. Reagents. LPS from E. coli (055:B5) were obtained from Sigma-Aldrich. Poly I:C, loxoribine, poly U, and Gardiquimod were purchased from Invivogen. Recombinant TNF-α and IL-1β were from R&D Systems. Anti-TLR7 (rabbit polyclonal) and anti-TLR8 (clone 44C143) were from Alexis. Anti-actin and anti-IκBα (rabbit polyclonal) were from Santa Cruz Technologies. Anti-phospho-IκBα and anti-Bcl-2 were purchased from Cell Signaling Technology, and F(ab′)2 goat anti-mouse IgM or IgG and
Methods
Patient tumors. Human primary lung tumor tissues were obtained from the
Figure 7
TLR7 and TLR8 induce dose-dependent chemoresistance of lung tumor cells. A549 (A and B) or SK-MES cells (C and D) were cultured in 6-well plates with or without loxoribine (added at days 0, 3, 6 and 9), and were treated at day 12 with carboplatine and cisplatine at doses ranging 0-1,000 μM and 0-10,000 μM, respectively. The colony number was determined after Crystal Violet coloration at the day 15, and cell viability was analyzed by the surviving fraction, calculated as described in Figure 6 . Data represent mean ± SD from a duplicate experiment. *P < 0.05; **P < 0.01, ***P < 0.001, Student's t test.
goat anti-rabbit were from Jackson Immunoresearch. Cisplatine, carboplatine, doxorubicine, Navelbine, and cycloheximide were gifts of C. Bardin (Hôpital Hôtel Dieu).
Cell lines. The A549 ADC cell lines and SK-MES SCC were obtained from the American Type Culture Collection (ATCC). The H1355 ADC cell line was obtained from S. Rogers (Brigham and Women's Hospital, Boston, Massachusetts). The 16HBE and BEAS-2B bronchial epithelial cell lines were obtained from M. Si-Tahar (Pasteur Institute, Paris, France). All cell lines were cultured in DMEM/F12 medium (Invitrogen) containing 10% heat-inactivated FCS, 1% Ultroser G, and 1% penicillin-streptomycin (Invitrogen) at 37°C in a humidified atmosphere with 5% CO2.
RNA isolation and RT-PCR. Total RNA was isolated from lung tumor cell lines or from freshly purified human lung cancer cells using the Qiagen RNeasy kit, and the quality of the extracted RNA was determined by BioAnalyser 2100 array (Agilent). Retrotranscription was performed using 1 μg RNA (Applied Biosystem), and PCR to amplify TLR1-TLR10 was performed using primers designed by Invivogen.
Flow cytometry. A549, H1355, SK-MES, 16HBE, and BEAS-2B cells were fixed with 1% paraformaldehyde in PBS and permeabilized in PBS buffer containing 0.1% saponin (Sigma-Aldrich) and 2% FCS. Cells were stained with polyclonal anti-TLR7 or monoclonal PE-conjugated anti-TLR8 (clone 44C143) antibodies (Alexis). Staining was assessed with a FACScalibur cytometer, and flow cytometry data were analyzed using Cellquest Pro software (BD Biosciences).
Immunohistochemistry. Paraffin-embedded tumor biopsies with representative areas of tumor and adjacent lung parenchyma were retrieved retrospectively from 13 NSCLC patients. The expression and subcellular localization of TLR7 and TLR8 by tumor cells, bronchial cells, and immune cells was performed as follows. Serial 5-μm tissue sections were deparaffinized, rehydrated, and pretreated in 10 mM citrate buffer, pH 6, for antigen retrieval. Sections were incubated with H2O2 for 15 minutes, then blocked in 5% human serum for 30 minutes at room temperature. Samples were incubated with either polyclonal anti-TLR7 or monoclonal anti-TLR8 antibody (Alexis) for 1 hour at room temperature. Control isotype antibodies served as negative controls. Specific staining was detected by incubation with Envision rabbit or mouse HRP (Dako Cytomation) for 30 minutes followed by a 5-minute incubation with 3-amino-9-ethylcarbazole substrate (Vector Laboratories). Tissue sections were then counterstained with Harris hematoxylin (Sigma-Aldrich), and slides were mounted with Glycergel Mounting Medium (Dako Cytomation) and visualized by light microscopy (Leica Axiovert II).
Western blot analysis. A549 cells (1 × 10 6 cells) were starved for 4 hours in medium containing 2% FCS and then stimulated with loxoribine, poly U, or TNF-α (10 ng/ml) for the indicated time periods. Cells were lysed in 50 mM TrisHCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X100, 2 mM Na3VO4, 10 mM NaF, and 10 mM sodium pyrophosphate supplemented with a complete protease inhibitor cocktail (Boehringer). Protein contents in the cell lysates were quantified using the quick start Bradford protein assay kit (Biorad) to ensure that all samples contained similar amounts of protein. Proteins (30 μg) were resolved in 10% Tris-glycine polyacrylamide gels (Invitrogen) and transferred to PVDF immobilon-P membranes (Millipore). Blots were probed with monoclonal antibody against phospho-IκBα, polyclonal antibody against Bcl-2, or polyclonal antibody against total IκBα or actin. NF-κB activation analysis by ELISA. A549 cells (1 × 10 6 cells) were cultured for 4 hours in medium containing 2% FCS and then stimulated with loxoribine or IL1-β for the indicated time periods. Nuclear protein extraction was performed using the Nuclear Extract Kit (Active Motif) according to the manufacturer's recommendations. Briefly, cells were incubated for 15 minutes on ice in hypotonic buffer. After addition of detergents, cell lysates were centrifuged, and supernatants were collected. Protein contents in the cell lysates were quantified using the quick start Bradford protein assay kit (Biorad) to ensure that all samples contained similar amounts of protein. Next, nuclear contents were assayed to determine the relative quantity of p50 and p65 NF-κB subunits contained in the nucleus using TransAm NF-κB ELISA Kit (Active Motif) according to the manufacturer's recommendations. Briefly, NF-κB consensus sequence containing oligonucleotides was coated in plates before adding the nuclear extract containing activated transcription factor. After the binding of NF-κB to its consensus sequence, the relative quantity of NF-κB subunits was determined by colorimetric reaction.
NF-κB gene reporter assays. NF-κB gene reporter assays were carried out with the pNIFTY2-SEAP plasmid (Invivogen) following the recommendations of the manufacturer. Briefly, A549 cells (5 × 10 4 cells) were cultured in 12-well plates and transfected using lyovec (Invivogen) and 1 μg/ml pNIFTY2-SEAP. At 48 hours after transfection, cells were stimulated or not with loxoribine or IL-1β for 24 hours. Supernatants were collected and incubated with pNpp. NF-κB activity was analyzed by measuring the hydrolysis of pNpp in the supernatants with a spectrophotometer at 405 nm.
Immunofluorescence analysis of p65 NF-κB subunit nuclear translocation. A549 cells (5 × 10 4 cells) were cultured in labteck chambers (Nalge Nunc) for 4 hours in medium containing 2% FCS, and then stimulated with loxoribine or IL-1β for the indicated time periods. Cells were then washed twice in PBS and fixated with 4% paraformaldehyde in PBS for 10 minutes. After 3 washes with PBS containing 1 mg/ml BSA, cells were permeabilized in PBS buffer containing 0.1% SDS (SigmaAldrich) for 10 minutes and then blocked in 10% FCS in PBS for 20 minutes at room temperature. Samples were incubated with anti-p65 (clone SC-109; Santa Cruz) for 1 hour at room temperature. Specific staining was detected by incubation with Alexa Fluor 594-coupled goat anti-rabbit antibody (Invitrogen) for 30 minutes and DAPI. Slides were mounted with Fluoromount mounting medium (Dako Cytomation) and visualized by fluorescence microscopy (Leica Axiovert II).
Tumor cell proliferation assay. Human lung cancer cell lines were seeded in 96-well plates (800 cells/well) and left unstimulated or stimulated with loxoribine, poly U, or Gardiquimod. The proliferation assay was performed
Figure 9
TLR3, TLR4, TLR7, and TLR8 induce regulation of gene transcription. A549 or SK-MES cells were cultured for 6 hours in the presence of poly I:C, LPS, loxoribine, poly U, or Gardiquimod. Total RNA was extracted and analyzed for the expression of 182 genes using TaqMan Low-Density Array technology. All genes with a CT value greater than 35 were excluded from the analysis. The ΔCT, ΔΔCT, and 2 -ΔΔCT values were calculated, and values clustered, as described in Methods; shown is the fold increase (arbitrary units) obtained by 2 -ΔΔCT .
with Alamar blue (AbD Serotec) according to the manufacturer's instructions. Briefly, cells were seeded and stimulated with TLR ligands in 100 μl medium, and 10 μl Alamar Blue was added. The optical density in each well was determined at 540 nm and 570 nm after 10 days of culture, and the percentage of reduced Alamar blue in stimulated cells was determined relative to that in unstimulated cells (considered 100%).
Chemoresistance assay. A549 cells or SK-MES cells were seeded in 6-well plates (200 cells/ml) and stimulated or not with loxoribine at days 0, 3, 6, and 9. At day 12, the cells were treated or not with chemotherapeutic agents at LD50, and the number of colonies in each culture condition was determined at day 15 after Crystal violet coloration. Cells were washed twice with PBS and then stained with glutaraldehyde (6.0%, vol/vol) and crystal violet (0.5%, wt/vol) in H2O for 30 minutes. Finally, cells were washed in distillated water, and the colony number was determined by software analysis (VisionCapt software).
siRNA transfection and chemoresistance assay. siRNA assays were carried out with MyD88- and TLR7-specific siRNA or with scrambled siRNA coupled with AF488 (Qiagen). Briefly, A549 cells (1.5 × 10 5 cells) were cultured in 6-well plates and transfected with HiPerfect (Qiagen) and 2 μM siRNA. After 48 hours, the transfection efficiency was determined by the fluorescence intensity, and the expression level of MyD88 and TLR7 was determined by RT-PCR. A549 cells were stimulated or not with loxoribine or LPS for 48 hours and then incubated with cisplatine at LD50 for 36 hours. The percentage of apoptotic cells was determined after annexin V staining and was assessed with a FACScalibur cytometer. Flow cytometry data were analyzed using Cellquest Pro software (BD Biosciences). The percentage of dead cells in untransfected and unstimulated cells was considered 100%, and the percentages of the transfected and stimulated cells were determined relative to this value.
Cell cycle analysis. A549 cells were cultured in the presence of loxoribine, poly U, Gardiquimod, etoposide, or cycloheximide. After 48 hours, cells were harvested, washed in cold PBS, and fixed with 2 ml of 70% cold ethanol in PBS for 2 hours at 4°C. After centrifugation, the supernatant was removed, and the pellet was rinsed with 0.5% PBS Tween and incubated with 50 μg RNAse A (Sigma-Aldrich) and 50 μg propidium iodide (BD Bioscience) in PBS. Propidium iodide staining was determined with a FACScalibur cytometer.
Purification of primary lung tumor cells. Tumoral tissues, obtained after surgery, were mechanically dilacerated, and single-cell suspensions were obtained after digestion with collagenase A (1 mg/ml) and DNAse (100 IU/ml) (Sigma-Aldrich) for 1 hour at 37°C under magnetic agitation in serum-free RPMI1640, as previously described (68) . Cells were incubated with anti-epithelial membrane antigen (anti-EMA), anti-EpCam (clone BrEp4), and anti-cytokeratin (clone AE1-AE3) monoclonal antibodies (BD Biosciences) for 20 minutes at 4°C. Labeled cells were then incubated with microbeads coupled to goat anti-mouse antibody. Tumor cells expressing EMA, BrEP4, and AE1-AE3 were then sorted by magnetic isolation according to the instructions of the manufacturer (Miltenyi Biotech). The purity, as determined by flow cytometry, was greater than 90%.
Transcriptomic analysis. Total RNA was extracted from A549 or SK-MES cells stimulated with loxoribine, poly U, Gardiquimod, poly I:C, or LPS for 6 hours or from purified human lung cancer cells using the RNeasy isolation kit RNA (Qiagen). The integrity and quantity of the RNA was evaluated with a bioanalyzer-2100 (Agilent Technologies). All samples were assessed for gene expression analysis using the TaqMan Low-Density Array angiogenesis and immune panel (Applied Biosystems). RT-PCR experiments were carried out according to the manufacturer's instructions (Applied Biosystems). Quantitative real-time TaqMan PCR was performed using Low-Density Arrays and the 7900 robotic real-time PCR system (Applied Biosystems). The 18S primers and probes were used as internal controls. Data were analyzed using SDS Software (version 2.2; Applied Biosystems). The ΔCT values were calculated for each gene by subtraction of the CT value of the 18S housekeeping gene from the CT of the gene of interest. The ΔΔCT values were obtained by subtraction of the ΔCT values for unstimulated cells from the CT obtained for stimulated cells. The fold increase (shown in arbitrary units) was obtained by 2 -ΔΔCT . Average-linkage hierarchical clustering was applied, and the results were displayed using the GENESIS program (http://www.genome.tugraz.at) in order to perform Pearson uncentered hierarchical clustering.
Statistics. Data are represented as mean ± SD of 3 separate experiments performed in triplicate. Statistical analysis was performed using 2-tailed Student's t test. P values less than 0.05 were considered to be significant.
Figure 10
Top 11 genes modulated by TLR7 and TLR8 in human primary lung cancer cells. Total RNA was extracted from primary tumor cells of 3 ADC patients (patients 33, 84, and 97) and 3 SCC patients (patients 23, 25, and 31) or from SK-MES and A549 cells stimulated with loxoribine, poly U, or Gardiquimod, and the expression of 182 genes was assayed. The 11 genes found to be highly modulated in Figure 9 are shown for comparison. The ΔCT, ΔΔCT, and 2 -ΔΔCT values were calculated, and values clustered, as described in Methods; shown is the fold increase (arbitrary units) obtained by 2 -ΔΔCT .
